Successful pregnancy depends on the precise regulation of extravillous trophoblast (EVT) invasion into the uterine decidua, primarily by decidua-derived factors. In humans, during early pregnancy interleukin 11 (IL11) is maximally expressed in the decidua, with its receptor, IL11 receptor alpha (IL11RA), also identified on invasive EVTs in vivo. Although a role for IL11 in EVT migration has been established, whether it also plays a role in regulating EVT invasion is unknown. We investigated whether IL11 influences human EVT invasion and the signaling pathways and underlying mechanisms that may be involved, using the HTR-8/SVneo immortalized EVT cell line and primary EVTs as models for EVTs. Interleukin 11 (100 ng/ml) significantly inhibited invasion of EVT cells by 40% to 60% (P , 0.001). This effect was abolished by inhibitors of signal transducer and activator of transcription 3 (STAT3) but not of mitogen-activated protein kinase (MAPK) pathways. Interleukin 11 (100 ng/ml) had no effect on matrix metallopeptidases 2 and 9 (MMP2 and MMP9), tissue inhibitors of MMP (TIMP1, TIMP2, and TIMP3), plasminogen activator urokinase (PLAU), plasminogen activator urokinase receptor (PLAUR), and serpin peptidase inhibitors 1 and 2 (SERPINE1 and SERPINE2) in EVT-conditioned media and/ or cell lysates. Interleukin 11 (100 ng/ml) also did not regulate EVT cell adhesion or integrin expression. These data demonstrate that IL11 inhibits human EVT invasion via STAT3, indicating a likely role for IL11 in the decidual restraint of EVT invasion during normal pregnancy.
INTRODUCTION
Extravillous trophoblast (EVT) invasion through the maternal decidua is critical to the formation of a functional placenta. Inadequate arterial remodeling associated with poor EVT invasion is a key pathological feature of preeclampsia and intrauterine growth restriction, whereas excessive EVT invasion occurs in placental pathologies, such as placental accreta or percreta [1] . Extravillous trophoblast invasion is tightly regulated by numerous growth and regulatory factors within the uterine endometrial microenvironment, primarily the decidua [2] .
Interleukin 11 (IL11) belongs to the IL6-type family of cytokines (which includes leukemia inhibitory factor [LIF] ) and signals via a heterodimeric receptor complex comprising the specific IL11 receptor alpha (IL11RA) chain and the associated signaling subunit, IL6 signal transducer (IL6ST; also known as gp130), primarily through the janus kinase/ signal transducers and activators of transcription (JAK/STAT) signal transduction pathway. Interleukin 11 also promotes formation of active GTP-bound Ras and induces activation of mitogen-activated protein kinases (MAPKs [3] ), with cross-talk between Ras-MAPK and JAK/STAT signaling pathways also occurring [3, 4] . Interleukin 11 influences both cellular proliferation and differentiation [5] and also importantly has roles in tumorigenesis, stimulating migration and/or invasion of gastric, colorectal, and breast carcinomas [6] [7] [8] [9] [10] [11] [12] .
Interleukin 11 signaling is required unequivocally for blastocyst implantation in mice. Female mice with a null mutation in the IL11RA gene are infertile because of a defective decidualization response, resulting in dysregulated trophoblast invasion and necrotic loss of the fetus [13, 14] . In humans, during early pregnancy IL11 and IL11RA are maximally expressed in the decidua, where a role for IL11 in human stromal cell decidualization during pregnancy is well established [15] . IL11RA also is expressed by invasive EVTs in the nonhuman primate (cynomolgous monkey) [16] and in humans [17] in vivo, whereas in vitro, IL11 stimulates significant chemotactic migration of human EVTs [17] .
Extravillous trophoblast invasion in vivo is a multistep process involving regulated proteolytic degradation of decidual/endothelial extracellular matrix (ECM; in the direction of invasion), then adhesion to ECM components, followed by active cell movement/migration through the degraded matrix [18] . For these processes, protease systems, including the matrix metallopeptidase (MMP) and plasminogen activator urokinase (PLAU; also known as urokinase plasminogen activator) systems, and cell adhesion molecules such as integrins, are all important [19] . Of the MMPs, MMP2 and MMP9 are particularly important during EVT invasion [20] . These are secreted as latent enzymes and are activated outside the cell or when bound to the cell membrane, where their activity is further regulated by the local concentration of tissue inhibitors of metallopeptidases (TIMP) 1, 2, and 3 [21] . Extravillous trophoblasts produce PLAU and express both plasminogen activator urokinase receptors (PLAUR; also known as urokinase plasminogen activator receptor) [22] [23] [24] required for PLAU activity and also PLAU inhibitors, serpine peptidase inhibitors (SERPINE) 1 and 2 (also known as plasminogen activator inhibitors 1 and 2), which regulate PLAU activity [22, 25] . Cell adhesion molecules, particularly the integrins, have important roles in the transformation of the EVT from a sessile to a motile phenotype [26] . Extravillous trophoblasts downregulate ITGA6B4 (a laminin receptor) but upregulate ITGA5B1 (a fibronectin receptor) and ITGA1B1 (a laminin/collagen receptor) as they invade into the maternal decidua, whereas EVTs within the maternal vasculature upregulate the vitronectin receptor ITGAvB3/B5 [27] .
In the present study we hypothesized that IL11 produced by the decidua regulates human EVT invasion during early placentation. Because of the restricted availability of primary human EVT cells, extended studies were performed using an immortalized EVT cell line, the HTR-8/SVneo cells, followed by more limited studies using primary EVTs isolated from human chorionic villous explant cultures to validate the findings. We investigated the effect of IL11 on EVT invasion of Matrigel/ ECM in vitro and the cellular signaling pathways (i.e., JAK/ STAT or MAPK) involved via the use of specific inhibitors. We also determined its effects on the expression of specific members of the MMP and PLAU system and cellular adhesive properties that are important during EVT invasion in vivo.
MATERIALS AND METHODS

Tissue Collection
Informed consent was obtained from all participating patients. Ethics approval was granted by the Southern Health Human Research and Ethics committee. Placental samples were collected from healthy women undergoing first-trimester suction termination of pregnancy (6-10 wk) for psychosocial reasons. Tissues were washed in 0.9% saline before transfer to medium 199 (M199; Sigma, St. Louis, MO) containing an antibiotic-antimycotic mixture of 100 U/ml penicillin G sodium, 100 lg/ml erythromycin, 0.25 lg/ml amphotericin b-sulphate, and 20 lg/ml gentamicin sulphate (Invitrogen, Carlsbad, CA).
Placental Villous Explant Culture and EVT Cell Isolation
Primary EVT cells were prepared from the tips of placental terminal villi (n ¼ 3 explant cultures) as described previously [17, 28, 29] . Small pieces of terminal villi were coated with Matrigel (BD Biosciences, Franklin Lakes, NJ) diluted 1:3, allowed to adhere to tissue culture flasks, and maintained in Dulbecco modified Eagle medium (DMEM)/F-12 (Invitrogen) culture media containing 10% fetal calf serum (FCS; JRH Biosciences, Lenexa, KS) and 1% antibiotics (penicillin, streptomycin, and fungizone; Invitrogen) to allow extensive outgrowth for 5-7 days. Outgrowing cells were detached by digestion with 0.03% trypsin-EDTA (Invitrogen) in PBS (pH 7.6) for 5 min at 378C, followed by neutralization of trypsin activity with 10% FCS in M199. The dispersed cells were separated from tissue remnants using a 40-lm filter, placed in culture, and expanded. Cells then were incubated with mouse anti-human cluster of differentiation antigen-9 (CD9) antibody (DakoCytomation, Glostrup, Denmark), diluted 1:50, for 15 min at 48C, washed, and incubated with mouse immunoglobulin G-coated magnetic microbeads (MACS kit; Miltenyi Biotech, Bergisch-Gladbach, Germany) for a further 15 min at 48C. Trophoblast cells were separated from the mixed population of cells by negative selection via immunomagnetic column purification.
Immortalized EVT Cell Line (HTR-8/SVneo)
The EVT cell line HTR-8/SVneo was kindly provided by Dr. Charles Graham (Queen's University, Kingston, ON, Canada). The cell line was produced by immortalization of HTR-8 cells, an EVT cell line from primary explant cultures of human first-trimester placenta (8-10 wk gestation), with SV40 virus and selected on the basis of resistance to neomycin [30] . These cells exhibit markers of primary EVT cells in situ, including cytokeratins KRT7, KRT8, and KRT18, placental-type alkaline phosphatase, high-affinity PLAUR, human leukocyte antigen (HLA) framework antigen W6/32, insulinlike growth factor 2 (IGF2) mRNA and protein, a selective repertoire of integrins ITGA1, ITGA3, ITGA5, ITGAV, ITGB1, ITGAVB3/B5) [28] , and HLA-G when cultured on Matrigel [31] . In the present study, HTR-8/SVneo cells were used between passages 70 and 75. ) and transferred to RPMI containing 1% charcoal-stripped (cs) FCS (HTR-8/SVneo) or DMEM/ F-12 containing 0.2% csFCS (primary EVTs; experimental media) for 24 h. At the end of the experiment cell numbers were determined using a hemocytometer, conditioned media was collected, and RNA was extracted from the cells. Each experiment was performed two to three times.
EVT Cell Culture
Immunocytochemistry
Primary EVT cells were characterized and their identity and/or purity confirmed as described previously [17, 28, 29] . More than 95% of the freshly isolated cells were positive for cytokeratin 7 but negative for CD9 [17] . Further, these cells expressed HLA-G when grown on Matrigel [29] . Extravillous trophoblast cells were grown on chamber slides (BD Biosciences), then washed with cold PBS À and fixed in ice-cold ethanol for 10 min. To examine the expression of IL11RA in EVT cells, both primary EVT cells and HTR-8/SVneo cells were stained with mouse anti-human IL11RA (10 lg/ml; a kind gift from Dr. Lorraine Robb, Walter and Eliza Hall Institute, Melbourne, Australia). Primary human endometrial stromal cells were used as a positive control [32] . Briefly, rehydrated cells were treated with 3% hydrogen peroxide for 10 min, washed with Tris-buffered saline, and incubated with nonimmune block for 30 min. Primary antibody was applied to sections at 48C for 16 h, followed by biotinylated horse anti-mouse IgG (1:200; Vector Laboratories, Burlingame, CA) and streptavidin-biotin-peroxidase complex ABC (DakoCytomation) for 30 min each. Peroxidase activity was visualized using diaminobenzidine substrate (DakoCytomation). Cells were counterstained with Harris hematoxylin (Sigma), air dried, and mounted.
RNA Extraction and Purification
Total cellular RNA was extracted with the RNeasy Minikit (Qiagen Sciences, Germantown, MD) according to the manufacturer's instructions. All samples were treated with RNase-free DNase (Ambion, Austin, TX) to remove any genomic DNA. RNA samples (1 lg) were reverse transcribed at 468C for 1.5 h in a 20-ll reaction mixture using avian myeloblastosis mosaic virus reverse transcriptase (Promega, Madison, WI) and 100 ng random hexanucleotide primers (Amersham Biosciences, Piscataway, NJ). Negative controls were included where either RNA or the reverse transcriptase was omitted. The cDNA generated was subsequently amplified by PCR (Hybaid Express Block Cycler; Thermo Hybaid, Ashford, U.K.) using specific primers (Sigma) at 0.25 pmol/ll for IL11RA, IL6ST, and 18S as previously described, with term placenta and primary human endometrial stromal cells used as positive controls [32] . Reverse trascriptase-PCR was performed in a total volume of 40 ll containing 1 ll cDNA, single-strength PCR buffer, 20 lM dinucleotide triphosphates, 0.25 pmol/ll forward and reverse primers, and 2.5 units Taq DNA polymerase (Roche, Castle Hill, Australia). The PCR products were electrophoresed on a 2% agarose gel to establish the specificity of the PCR reaction and product size.
Invasion Assays
Extravillous trophoblast invasion was assessed using a commercially available in vitro invasion assay (Chemicon, Melbourne, Australia). Cells were transferred to experimental medium overnight, trypsinized, and cultured at a density of 10 3 10 4 /250 ll (primary EVT) to 20 3 10 4 /250 ll (HTR-8/SVneo cells) in Matrigel-coated polycarbonate membrane invasion chamber inserts, which were immersed in tissue culture wells (24-well plates) containing 1% csFCS/RPMI (HTR-8/SVneo) or 0.2% csFCS-DMEM/F-12 (primary EVTs). Cells were subject to different treatments: vehicle, recombinant human (rh) IL11 (1, 10, and 100 ng/ml; a gift from Dr. Lorraine Robb), and transforming growth factor beta 1 (TGFB1; 10 ng/ml; positive control; R&D Systems, Minneapolis, MN) in experimental medium (n ! 4 wells/treatment). In addition, HTR-8/SVneo cells were preincubated with inhibitors of STAT3 phosphorylation (STAT3i; 20 lM; Calbiochem, San Diego, CA) [33] or MAPK extracellular signal-regulated kinase and extracellular signal-regulated kinase activities (MAPKi; PD 98059; 30 lM; Calbiochem) for 45 min at 378C prior to addition into invasion assays with exogenous IL11 (100 ng/ml). A dose-response was performed to determine the most effective dose of inhibitor to be used in these assays. After 48 h, media containing noninvaded cells were removed from the upper wells, spun to remove cells, aliquoted, and stored at À208C until required for zymography or ELISA. Cells at the lower surface of the inserts were detached, lysed, and quantitated using CyQuant GR dye (according to the manufacturer's instructions; Molecular Probes, Eugene, OR). Each invasion assay was repeated three to four times.
Enzyme-Linked Immunosorbent Assays
Interleukin 11 secreted by EVT cells (24 h) was assayed in duplicate by commercially available ELISA kits (R&D Systems). Media from primary IL11 INHIBITS HUMAN EVT INVASION VIA STAT3 303 human endometrial stromal cells were included as quality control (to monitor precision) and positive control samples [15] . The lower detection limit of the assay was 15 pg/ml, and interassay and intraassay variabilities were 7.1% and 2.8%, respectively [15] .
Total human free and MMP-bound TIMP1/2 in EVT-conditioned media was assayed in triplicate by commercially available ELISA kits (R&D Systems) according to manufacturer's instructions. The intraassay and interassay coefficients of variation for the TIMP1 ELISA were 5% and 4.9%, and for the TIMP2 ELISA were 6.5% and 7.8%, respectively. The lower detection limit of both assays was 0.156 ng/ml. SERPINE1, SERPINE2, and PLAUR in EVT-conditioned media were assayed in triplicate using commercially available ELISA kits (American Diagnostica, Stamford, CT) according to the manufacturer's instructions. Preliminary experiments demonstrated that there was no difference between the levels of PLAUR detected in culture media and those in cell lysates (data not shown), as has also been published previously [34] . Therefore, only conditioned media were assayed. The intraassay and interassay coefficients of variation of the above ELISAs were all lower than 5%, whereas the lower detection limits of these assays were as follows: SERPINE1, 1 ng/ml; SERPINE2, 0.5 ng/ml; and PLAUR, 0.25 ng/ml.
Zymography
Proteinase activity in equal volumes of conditioned media was analyzed by zymography on 10% SDS-polyacrylamide gels containing 1 mg/ml gelatin (to detect MMP activity; Bio-Rad, Hercules, CA) or 2 mg/ml casein (Sigma) and 0.025 U/ml plasminogen (to detect PLAU activity; Sigma) under nonreducing conditions. Gels were washed five times for 5 min with Tris-HCl (pH 7.4) containing Triton X-100 to remove SDS and were incubated overnight at 378C in 50 mM Tris-HCl (pH 7.4) containing 150 mM NaCl and 10 mM CaCl 2 to allow enzymatic digestion of substrate. Gels then were stained with 30% methanol/10% acetic acid containing 0.2% Coomassie blue R250 for 30 min, destained for between 30 and 60 min, and dried between cellulose sheets. Gelatinase or plasminogen activity was visualized by negative staining. The MMP activity was identified by comparison with samples containing previously identified MMPs (media from baby hamster kidney cells stably transfected with human MMP9 provided by Dr. D. Edwards, University of East Anglia, Norwich, U.K.), whereas PLAU activity was identified by molecular weight, which was determined using molecular weight markers (Bio-Rad). The MMP identity of bands was confirmed by incubation of parallel gels in the presence of EDTA, whereas PLAU identity in samples was confirmed by resolving samples in gels containing casein but no plasminogen.
PLAU Activity Assay
Activity of PLAU also was determined by measuring plasminogen activation using commercially available kits (Chemicon) according to the manufacturer's instructions. Briefly, 100 ll standard/sample (i.e., conditioned medium, in duplicate) was added to sample buffer (100 mM Tris and 0.5% Triton X-100, pH 8.8) containing a chromogenic tripeptide PLAU substrate (supplied by the manufacturer) in a final volume of 200 ll. After incubation overnight at 378C, samples were analyzed spectrophotometrically at 405 nm.
SDS-PAGE and Western Blotting
The EVT cells were grown to confluence, transferred to experimental medium for 24 h, and then treated with rhIL11 at 1, 10, or 100 ng/ml or vehicle (in experimental medium) for 10 min (for assessment of phosphorylated [p]-STAT3/STAT3) or for 48 h (for analysis of TIMP3). Conditioned media were collected, cells were washed with ice-cold PBS À and lysed in 250 ll/flask of ice-cold lysis buffer (50 mM Tris base, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 25 mM NaF, and 25 mM b-glycerolphosphate; pH 7.5), and 2 ll/well protease inhibitor cocktail set (Calbiochem) was added. Cell extracts were centrifuged and supernatant protein quantified using the BCA protein assay kit (Pierce, Rockford, IL) according to the manufacturer's instructions. Equal amounts of protein (i.e., cell lysates: 15 lg for STAT3, 25 lg for pSTAT3, 30 lg for TIMP3) were resolved on 10% SDS-PAGE gels, transferred to nitrocellulose membranes, blocked with 5% nonfat dry milk in TBS with 0.1% Tween-20 (Bio-Rad), and probed separately with monoclonal antibodies against pSTAT3, total STAT3 (Tyr705; 5.6 ng/ml; Cell Signaling Technology Inc., Beverly, MA), and TIMP3 (1 lg/ml; R&D Systems) overnight at 48C. The membranes were washed in TBS with 0.1% Tween-20 (Bio-Rad) and incubated for 1 h with horseradish peroxidase-conjugated rabbit secondary antibody (1:1500; DakoCytomation). Horseradish peroxidase activity was detected using enhanced chemiluminescence reagent (Pierce). Membranes were exposed to autoradiographic film (Amersham Biosciences) with the exposure time adjusted to keep the integrated optical density within a linear and nonsaturated range. Membranes were stripped and incubated with anti-beta-tubulin (1:5000; Sigma) as loading control (data not shown).
Adhesion Assays
Adhesion of HTR-8/SVneo cells to ECM components was determined using commercially available cell adhesion assay kits (Cytomatrix Screening Kit; Chemicon) according to the manufacturer's instructions. These kits comprised 96-well plates coated with ECM substrates, fibronectin (FN), vitronectin (VN), laminin (LN), collagen type I (COL1), and collagen type IV (COL4). HTR-8/Svneo cells were grown to 50% confluence, transferred to experimental medium for 24 h, and then treated with rhIL11 (100 ng/ml) or vehicle (in experimental medium) for 48 h. Cells then were detached, washed twice with PBS containing Ca 2þ and Mg 2þ (PBS þ ), resuspended thoroughly in serum-free media (to avoid clumping of cells), and seeded in ECM-coated wells at a density of 5 3 10 4 to 7.5 3 10 4 cells/well in 100 ll serum-free media (four to six wells per ECM per treatment) for 1.5 h at 378C in a CO 2 incubator. Wells were washed with PBS þ to eliminate unadhered cells, stained with 0.2% crystal violet solution in 10% ethanol for 5 min at room temperature, and washed with PBS þ (to eliminate unincorporated crystal violet), and the cell-bound stain was solubilized with 100 ll solubilization buffer (a 50:50 mixture of 0.1 M of NaH 2 PO 4 , pH 4.5, and 50% ethanol) for 5 min at room temperature with shaking. Absorbance (representing the number of adhered cells) was measured at 540-570 nm. The BSA-coated wells were included for each treatment as negative controls. The experiment was repeated four times.
Integrin Assays
Specific integrin expression by HTR-8/SVneo cells was determined using commercially available integrin assay kits (Chemicon) similar to the ECM cell adhesion assay kits described above, according to the manufacturer's instructions. These kits comprised 96-well plates coated with monoclonal antibodies against various integrin subunits and/or dimers. The protocol was exactly as per the ECM cell adhesion assays, except that cells were incubated for 2 h at 378C to facilitate adhesion to ITGA5B1, ITGAvB3, ITGAvB5, ITGA1, and ITGA5 integrin-coated wells (four to six wells per integrin per treatment). The experiment was repeated four times. 
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Statistical Analyses
Data are expressed as mean 6 SEM for each treatment compared with control. Statistical analysis was performed on raw data by a Student t-test and/ or using one-way ANOVA followed by Tukey posthoc test (P , 0.05 taken as significant) after testing for normal distribution using PRISM version 3.00 for Windows (GraphPad).
RESULTS
Expression of IL11RA, IL6ST, and IL11 in EVT Cells
IL11RA (Fig. 1A) and IL6ST (Fig. 1B) mRNAs were expressed by HTR-8/SVneo cells and primary EVTs. 18S mRNA expression was used as the loading control (Fig. 1C) . Immunoreactive IL11RA also was detected in both HTR-8/ SVneo cells (Fig. 1D ) and primary EVTs (Fig. 1E) . Interleukin 11 was secreted by primary EVTs at greater levels (approximately 10-fold greater) than that secreted by HTR-8/SVneo cells per 10 6 cells (Fig. 1F ).
IL11 Inhibits EVT Invasion via STAT3 Activation and not MAPK
Treatment of HTR-8/SVneo cells with IL11 for 48 h inhibited cell invasion in a dose-dependent manner ( Fig. 2A ) compared with controls, with maximum inhibition (approximately 60%) observed at the highest dose of 100 ng/ml (n ¼ 3 experiments; P , 0.001). Treatment of primary EVTs with IL11 (100 ng/ml) for 48 h also inhibited cell invasion by approximately 40% compared with controls (Fig. 2B) . TGFB1 (10 ng/ml) was used as a positive control (Fig. 2) , and it inhibited invasion of HTR- 
IL11 Phosphorylates STAT3 in EVT Cells
Interleukin 11 stimulated pSTAT3 in HTR-8/SVneo cells but had no effect on STAT3 abundance (n ¼ 3 experiments; Fig. 3 ). Phosphorylated STAT3 was detectable at low levels following vehicle treatment but was upregulated following IL11 treatment (10 min), particularly at the 10-and 100-ng/ml doses (Fig. 3) . Interleukin 11-mediated stimulation of pSTAT3 in primary EVTs has been demonstrated previously [17] .
IL11 Has No Effect on MMP2 and MMP9 Secretion/Activity
Gelatin zymography revealed a prominent band of 72 kDa (pro-MMP2) and a less intense band of 92 kDa (pro-MMP9) in the conditioned media from both vehicle and IL11-treated EVT cells during 48 h (Fig. 4A : HTR-8/SVneo; Fig. 4B : primary EVTs). In conditioned media from primary EVTs there was an additional band at approximately 70 kDa (active MMP2; Fig.  4B ). There was no effect of IL11 (100 ng/ml) on secretion of latent/active forms of MMP2 or MMP9 compared with controls (Fig. 4) . The MMP identity of the bands was proven because they were abolished when gels were incubated in the presence of EDTA (data not shown).
IL11 Has No Effect on TIMP Production by EVT
Treatment of HTR-8/SVneo cells (Fig. 5, A, C , and E) and primary EVTs (Fig. 5, B and D) with IL11 (100 ng/ml) for 48 h had no effect on secreted TIMP1 (Fig. 5, A and B) , TIMP2 (Fig. 5, C and D) , or cell-bound TIMP3 (Fig. 5E ) compared with controls. 
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IL11 Has No Effect on PLAU Production/Activity
Plasminogen-casein zymography revealed the presence of two prominent bands in conditioned media from both vehicle and IL11-treated (100 ng/ml) EVT cells during 48 h (Fig. 6A : HTR-8/SVneo; Fig. 6B : primary EVTs). These bands were positively identified as PLAU because they were abolished in the absence of plasminogen in the gels (data not shown). Interleukin 11 had no effect on PLAU activity in these conditioned media compared with controls, as assessed by both plasminogen-casein zymography (Fig. 6, A and B) and spectrometric PLAU activity assay (Fig. 6, C and D) .
IL11 Has No Effect on SERPINE1, SERPINE2, and PLAUR Expression by EVTs
Treatment of HTR-8/SVneo cells (Fig. 7, A and D) and primary EVTs (Fig. 7 , B, C, and E) with IL11 (100 ng/ml) for 48 h had no effect on secreted SERPINE1 (Fig. 7, A and B) , SERPINE2 (Fig. 7C) , or soluble PLAUR protein levels (Fig. 7 , D and E) compared with controls. SERPINE2 was undetectable in conditioned media from HTR-8/SVneo cells (data not shown).
IL11 Has No Effect on EVT-ECM Interactions
Treatment of HTR-8/SVneo cells with IL11 (100 ng/ml) for 48 h had no effect on cell binding to FN (Fig. 8A), VN (Fig.   8B), LN (Fig. 8C), COL1 (Fig. 8D) , and COL4 (Fig. 8E ) compared with controls.
IL11 Has No Effect on EVT Expression of Integrins
Treatment of HTR-8/SVneo cells with IL11 (100 ng/ml) for 48 h had no effect on cellular expression of integrin dimers ITGA5B1 (Fig. 9A), ITGAvB3 (Fig. 9B) , and ITGAvB5 (Fig.  9C) , or monomers ITGA1 (Fig. 9D) and ITGA5 (Fig. 9E ) compared with controls.
DISCUSSION
This study has demonstrated for the first time that IL11 inhibits human EVT invasion, suggesting a likely role for IL11 in the decidual restraint of EVT invasion during early placental development. Such restraint is important in regulating the depth of EVT invasion to ensure that the needs of the fetus are met without compromising the survival/health of the mother. This finding was consistent using the immortalized EVT cell line HTR-8/SVneo and primary EVT cells. Importantly, the data presented here also indicate that IL11-mediated inhibition of EVT invasion is likely to be via STAT3 and not MAPK signaling pathways.
Interleukin 11 and IL11RA mRNA and protein are expressed in human endometrium throughout the menstrual cycle [32, 35, 36] . Interleukin 11 increases in luminal/glandular epithelium in the mid-late secretory phase (the receptive phase) 
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but is maximally expressed in the decidua and chorionic villi during early pregnancy (first trimester) [16, 37] . Interestingly, abnormalities in decidual and villous trophoblast IL11 have been identified in anembryonic pregnancies that lead to early miscarriage [37] , whereas IL11 is reduced in the pregnant sera of women with early spontaneous abortions [38] . These reports suggest a critical role for IL11 signaling during early pregnancy. In this regard, a role for IL11 in progressing human endometrial stromal cell decidualization in vitro has been demonstrated [15] .
IL11RA has also been identified recently in EVTs of the cell column and invasive interstitial/endovascular EVTs of the nonhuman primate [16] and humans [17] in vivo, whereas in vitro, a novel functional role for IL11 in stimulating chemotactic migration of human EVT cells has also been demonstrated [17] . From the current work it appears that IL11 exerts independent effects on parameters of EVT function, stimulating EVT migration but inhibiting EVT invasion. Likewise, importantly, conditioned media from decidualized stromal cells, of which IL11 is an important product [15] , similarly stimulate chemotactic migration of human EVT cells [39, 40] but inhibit their invasion in vitro [2] . Unlike EVT migration, EVT invasion of the maternal decidua and spiral arterioles involves considerable complexity that includes regulated proteolytic degradation of decidual/endothelial ECM (in the direction of invasion) and altered adhesion to ECM, followed by active cell movement/migration through the degraded matrix [18] .
First-trimester human trophoblast cells share intrinsic invasive properties of malignant/tumor cells in vitro [41] , suggesting that if dysregulated, invasion would proceed excessively into the myometrium, as observed in pathological conditions, such as placental accreta. In contrast with tumor invasion, EVT invasion during normal pregnancy is precisely regulated both spatially and temporally [1] . Such precision requires a balanced interplay between factors that promote and restrain EVT invasion. Existing evidence suggests that the control of EVT invasion is provided by the uterine microenvironment, primarily products of the decidua [2] , such as the TIMPs [2] , insulinlike growth factor-binding protein 1 (IGFBP1) [42] , and TGFB1 [2] , all of which inhibit EVT invasion in vitro [2, 43, 44] . That the decidua acts as a barrier to excessive EVT invasion is evidenced by a number of studies. In mice, transfer of blastocysts to ectopic nondecidualized soft tissues results in more extensive trophoblast invasion than observed within the uterus [45] [46] [47] [48] . This phenomenon is also highlighted in the absence of adequately formed deciduas, such as in the Il11ra null mouse [14] . Likewise, human ectopic pregnancies also serve as a naturally occurring model of dysregulated EVT invasion [49] . Consequently, factors that promote EVT invasion are primarily thought to be trophoblast derived. Consistent with this paradigm, invading EVTs secrete MMPs [50] and also IGF2, which promote their invasion [51, 52] . From the results of this study, it is clear that the amount of IL11 produced by EVTs in vitro is negligible in comparison with that produced by the decidua (which is in the nanogram range) [15] . Therefore, it is likely that IL11 produced predominantly by the decidua [15, 16, 53] may be another such factor involved in the negative regulation of human EVT invasion.
In most cell types, IL11 mediates its effects through the JAK/STAT signaling pathway, primarily via STAT3 [54] . However, IL11 signaling may also involve the Ras-MAPK pathway [3] , with cross-talk between the JAK/STAT and MAPK signaling pathways also occurring [3, 4] . This study demonstrates that IL11 exerts its effects on EVT invasion via STAT3 and not MAPK. STAT3 is of special interest in the context of malignant cellular properties because aberrant STAT3 activity is directly linked with oncogenesis [55] . Constitutive STAT3 activity is also detected in invasive human first-trimester trophoblast cells and choriocarcinoma cell lines, whereas it is absent in term placenta [56] . In contrast with IL11, LIF positively regulates invasion of JEG-3 choriocarcinoma cells and primary trophoblast cells via STAT3 [57] . This role for STAT3 in promoting invasion was demonstrated using RNAi [58] . Nevertheless, in addition to its proinvasive role, STAT3 may also upregulate factors that inhibit cellular invasion. In this regard, STAT3 upregulates TIMP1 during tumor invasion/metastasis [59] . Furthermore, during pregnancy in mice, IL11 via STAT3 upregulates the decidual protease inhibitor alpha-2-macroglobulin, which is crucial in restraining trophoblast invasion in this species [60] . In the same manner, IL11-mediated STAT3 may also upregulate trophoblastderived factors that inhibit their invasiveness.
TGFB1 negatively regulates EVT invasion via multiple mechanisms that include downregulation of PLAU and upregulation of TIMP1, TIMP2 [2, 61, 62] , SERPINE1 [63] , integrins [64] , and HGF [62] . Alternatively, IGFBP1 negatively regulates EVT invasion by stimulating TIMP1 [65] . In contrast, IL11 had no effect on the expression/activity of specific members of protease systems (i.e., MMP/TIMP system and PLAU/PLAUR/SERPINE systems) and integrins most commonly associated with EVT invasion. This is not entirely surprising, because several factors apart from those investigated in this study have been implicated in EVT invasion. Such examples include other MMPs, various other families of cell adhesion molecules, cytokines, and chemokines [66] .
In conclusion, this is the first study to demonstrate a likely role for IL11 acting via STAT3 (but not MAPK) in the decidual restraint of human EVT invasion during normal pregnancy. Importantly, this is also the first study to demonstrate that a protein may inhibit (rather than stimulate) trophoblast invasion via STAT3. Trophoblast invasion can be considered a fine balance between the demands of the fetus to invade the mother and those of the mother to survive this invasion [1] . Failure of EVT invasion and arterial remodeling lead to spontaneous abortion, whereas defects in this process lead to preeclampsia and intrauterine growth restriction [67] . Conversely, excessive EVT invasion leads to placental accreta or percreta [67] . This study suggests that IL11 via its effects on EVT invasion may play a regulatory role in the establishment of a successful pregnancy.
